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Macrophytes are a critical component of freshwater ecosystems and are often eaten by
cervids. However, the impact of cervids onmacrophytes is notwell known. In this study,we
investigated the effect of sika deer (Cervus nippon yesoensis) on the endangeredmacrophyte
Ranunculus nipponicus var. submersus in a spring stream in southwestern Hokkaido, Japan.
We monitored the frequency of stream habitat use by deer by using sensor cameras
in photography mode for four seasons. We also monitored deer feeding behavior on R.
nipponicus var. submersus using sensor cameras in movie mode. To quantitatively evaluate
the impact of deer on R. nipponicus var. submersus, we conducted a field experiment in
which deerwere excluded frompart of the stream.We selected 10 pairs of adjacent patches
of R. nipponicus var. submersus and set up exclosures covering one patch in each pair. We
assessed the frequency of deer feeding and trampling on the control patches using the
sensor cameras in photography mode and measured the mean macrophyte stem length
in the exclosure and control patches every month for four seasons. To compare abiotic
conditions between the exclosure and control patches, we investigated canopy openness,
water depth, water temperature, electrical conductivity, pH, current velocity, and water
quality at eachpatchduring the growing season. The frequency of deer in the streamhabitat
was higher from spring to summer than in other seasons. Direct evidence of deer feeding
behavior on R. nipponicus var. submersuswas recorded using the sensor cameras. Deer often
fed on and trampled on the control patches, particularly from spring to summer. The R.
nipponicus var. submersus stem length was longer in the exclosure patches than in control
patches (P <0.001), and was 61% longer at maximum, despite no differences in abiotic
conditions between the exclosure and control patches (all P >0.189). Stem growth of R.
nipponicus var. submersus differed among seasons (P <0.001), and was low from winter to
spring. In addition, exclosure and seasonality significantly affected stem length (P <0.001),
and the difference between the exclosure and control patches was largest in the spring.
These results indicated that deer feeding and trampling negatively affected R. nipponicus
var. submersus, and this effect exhibited seasonality.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Freshwater ecosystems are threatened ecosystems in the world (Vitousek et al., 1997; Millennium Ecosystem
Assessment, 2005). Macrophytes have various ecological functions in freshwater ecosystems. They provide habitats for
aquatic organisms, such as refuge from predators for larval fish and invertebrates, and a food source for a broad range of
taxa; moreover, they play an important role in nutrient cycling (Lodge, 1991; Newman, 1991). Therefore, understanding
the determinants of macrophyte distribution is essential for the conservation of not only macrophytes, but also other
components of freshwater ecosystems.
Herbivores modulate the biomass, productivity, and composition of macrophytes (Lodge, 1991), and many studies have
shown that small herbivores, such as insects (Newman, 1991), snails (Daldorph and Thomas, 1991), and crayfish (Sato et al.,
2013), modify the biomass and composition ofmacrophytes. Larger herbivores, such as carp (Miller and Crowl, 2006), swans
(Tatu et al., 2007), and cervids (Fraser et al., 1980; Belovsky and Jordon, 1981; Fraser et al., 1982; Ceacero et al., 2014), have
a dramatic impact on macrophytes due to their ability to consume large amounts of plant biomass. Cervids that feed on
macrophytes are well studied with respect to feeding behavior and nutrient budgets (e.g., Fraser et al., 1980; Belovsky and
Jordon, 1981; Fraser et al., 1982; MacCracken et al., 1993; Moe, 1994; Ceacero et al., 2014). As deer move from terrestrial
areas, their main habitat, to freshwater areas and feed on macrophytes, it is thought that cervids have a cross-ecosystem
impact on macrophytes. However, studies that quantitatively evaluate the effect of cervids on macrophytes, including field
experiments in terrestrial areas (e.g., Horsley et al., 2003), are limited. Quantitative studies in the Great Lakes (Fraser and
Hristienko, 1983; Qvarnemark and Sheldon, 2004) have reported that the biomass and diversity of macrophytes increase
in exclosures that prevent moose grazing, but such quantitative examinations have not been rigorously conducted in other
regions. In addition, excessive cervid population growth has been widely detected in the northern hemisphere (reviewed
by Côte et al., 2004). Thus, a quantitative assessment of macrophyte grazing by cervids is needed for aquatic vegetation
management in the northern hemisphere based on the cross-ecosystem impact of cervids.
The distribution of sika deer (Cervus nippon) in Japan has expanded by 1.7-fold in the last 25 years (Ministry of the
Environment, 2004) and the increased population size has severely affected natural vegetation (reviewed by Takatsuki,
2009). The impact of deer on terrestrial vegetation is widely recognized (e.g., Akashi and Nakashizuka, 1999; Miyaki and
Kaji, 2004; Nagaike, 2012). Moreover, a few studies have reported the effects of deer on freshwater ecosystems (Takatsuki,
2003; Tsujino et al., 2007; Fujita et al., 2012). For instance, deer caused a transformation of the native wetland vegetation of
a river side owing to feeding, trampling, and mud bathing in the Kushiro wetland in eastern Hokkaido, the northern island
of Japan (Fujita et al., 2012). However, little attention has been paid to the impact of deer on macrophytes in Japan.
Approximately 25% of aquatic macrophyte species in Japan (in total, approximately 200 recorded species) are listed
as endangered by Ministry of the Environment (Kadono, 1994). Deer feeding on the macrophyte Ranunculus nipponicus
var. submersus has been recorded in Nemuroshibetsu in eastern Hokkaido (Kaji, 1981), and the species is referred to
in 22 prefectural red data books (based on a search using the retrieval system for red data in Japan; Association of
Wildlife Research and EnVision Conservation Office, http://www.jpnrdb.com/, last accessed on December 15, 2014). It is
an evergreen, submergedmacrophyte that is endemic to Japan and grows in cool water in rivers, streams, creeks, and spring
ponds (Kadono, 1994). The species is vulnerable to water pollution and river development and has decreased remarkably
in recent decades owing to environmental degradation of the watershed, including a reduction in water clarity by nutrient
enrichment and changes in streambeds (Koga et al., 2006;Nishihiro et al., 2009). According toKoga et al. (2006),R. nipponicus
var. submersus disappeared in 40% of recorded habitats owing to water pollution and river development in the Kinki region
in western Japan. Similarly, in Lake Shirarutoro, located in eastern Hokkaido, the species has been recorded in the past, but
was not observed in a 2007 investigation (Nishihiro et al., 2009). The effects of abiotic factors, such as water quality, light
conditions, and water temperature, on the distribution and growth of R. nipponicus var. submersus have been extensively
examined (Kimura and Kunii, 1998; Koga et al., 2006; Zhang et al., 2011). However, it is not clear how biotic factors, like
herbivores, influence R. nipponicus var. submersus.
Generally, the growth rate of macrophytes changes dramatically across the seasons (Barko and Smart, 1981; Riis et al.,
2003; Gurnell et al., 2006). Consistent with this, Kimura and Kunii (1998) reported that the growth rate of R. nipponicus
var. submerses depends on the season, and noted that at its maximum, the growth rate increased by 1.6-fold in the growing
season. Accordingly, the ability of the species to tolerate herbivory (Rosenthal and Kotanen, 1994) may vary among seasons.
In addition, cervid feeding on macrophytes often shows seasonality (Ceacero et al., 2014); for instance, moose feeding on
macrophytes ismore frequent from spring to summer than during the remainder of the year (Fraser et al., 1982;MacCracken
et al., 1993). Therefore, when the impact of deer feeding on R. nipponicus var. submersus is examined, the seasonality of both
the growth rate and deer feeding should be considered.
In this study, we quantitatively evaluated the impact of deer on R. nipponicus var. submerses by estimating the frequency
of deer in a stream habitat and the feeding behavior of deer using sensor cameras. We also conducted a field experiment by
setting up exclosures around R. nipponicus var. submersus, comparing the stem length of the species between the exclosure
and control patches and assessing the frequency of deer feeding and trampling on control patches for four seasons. We
addressed the following questions. Do deer have an effect on R. nipponicus var. submersus? If so, does the impact vary among
seasons?
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2. Materials and methods
2.1. Study area
The study area was located in southwestern Hokkaido, the northern island of Japan, in the cool–temperate zone. The
mean monthly temperatures range from − 6 °C to 21 °C, the annual precipitation is approximately 990 mm, and the snow
cover period is from December to March. The maximum snow depths around the study area from 2008 to 2013 ranged
from 46 to 77 cm (Japan Meteorological Agency). The study was conducted in the Mamachi stream (42 °47
′
N, 141 °34
′
E), a
branch of the Chitose River. It is spring-fed and flows through a secondary deciduous forest. The stream bed is dominated
by pebbles and the water temperature is approximately 10 °C in July. The study reach was about 1 km in the stream and
2 km downstream of the source of the stream. In the reach, the water depth was less than 1.5 m, and the width of stream
ranged from 3 to 6 m. Macrophyte communities in the study area were dominated by R. nipponicus var. submerses. The
fish community includes Salvelinus leucomaenis, Oncorhynchus masou, Salmo trutta, and Cottus nozawae (Kawai et al., 2013;
Hasegawa et al., 2014); herbivorous fish do not inhabit the study reach. Other herbivorous vertebrates and invertebrates
that could significantly alter the biomass and distribution of macrophytes do not inhabit the stream, except deer. Deer
populations in Hokkaido have increased during the last three decades, particularly in eastern Hokkaido, and the population
increase has caused serious damage to vegetation (Kaji et al., 2000). However, the recent population density in western
Hokkaido, including the study area, is moderate compared to that of Hokkaido as a whole (Uno and Tamada, 2012).
2.2. Monitoring deer use of the stream habitat, feeding, and trampling
To survey the use of the streamhabitat by deer aswell as their feeding behavior, a sensor camera (Acorn LTLmodel 5210A,
Little Acorn Outdoors, Denmark, WI, USA) was set up in the stream in photography or movie mode. To assess the frequency
of deer visits to the stream habitat, a total of eight sensor cameras were placed in the study area and set to photography
mode fromOctober 2012 to August 2013. Five of the sensor cameras were placed randomly in the stream, three were placed
randomly one per patch at each pair of patches of R. nipponicus var. submersus in the field experiment (details described
below). The cameras were programmed to take one photograph at 1-min intervals for each sensor stimulus. The number of
deer in the stream was counted based on the photographs taken at each camera point, and the number of deer per camera
point permonthwas calculated, where onemonthwas 31 days.When the cameras had technical issues, such as foggy lenses
or batteries that ran out, the days were not treated as active camera days and were excluded from the analysis. The total
active camera days for stream habitat use and feeding and trampling in control patches were 2602 and 955, respectively.
It is difficult to detect signs of deer feeding and feeding behavior on R. nipponicus var. submersus because individuals
are easily fragmented by physical disruptions, such as deer feeding, trampling, and flood disturbance. Furthermore, sensor
cameras operating in photography mode are usually not sufficient to capture deer feeding behavior as it occurs in water.
Thus, movie mode was used for five of the sensor cameras from December 2013 to March 2014 to confirm deer feeding
behavior for the species. The five sensor cameras in movie mode were randomly set at known species patches, using one
camera per patch, in the study reach. The sensor cameras were programmed to record for 10 s and take onemovie separated
by 1 min for each sensor stimulus. The total number of active camera days using movie mode was 431 during the study
period.
2.3. Field experiment using a deer exclosure
To quantitatively evaluate the impact of deer on the macrophyte species, a field experiment was conducted by setting
up exclosures in the stream from September 2012 to August 2013. Ten pairs of adjacent patches (at distances of 0.5–5 m)
of R. nipponicus var. submersus under similar environmental conditions were selected. The exclosures were set up over one
patch for each pair of patches in August 2012 to prevent deer feeding and trampling, and the other patch in the pair was
treated as the control patch. The number of studied pairs of patches was nine fromMay 2013 to the end of the study period
because one control patch disappeared for unknown reasons in May 2013. The exclosures were made of metal bars and
polyethylene nets (mesh size: 1.6 cm; string thickness: 0.5 mm). The metal bars were fastened to the riverside, jutting out
over the stream; the net was hung on themetal bar and kept over thewater surfacewithout submerging. The exclosures had
little influence on light availability and stream flow in the patches. To compare the biomass of R. nipponicus var. submersus
between the exclosure and control patches, mean stem length of the species in the patches wasmeasured once everymonth
from September 2012 to August 2013. The stem lengths of 20 randomly selected ramets of R. nipponicus var. submersus per
patch were measured and the average value was estimated for each patch. Before setting up the exclosures, the initial
stem lengths of the species in the exclosure and control patches were measured in August 2012; the stem length did not
significantly differ between the two patch types (ANOVA, F = 0.018, P = 0.895).
To evaluate the frequency and seasonality of deer feeding and trampling on the control patches in the field experiment,
three sensor cameras were randomly positioned, with a limit of one camera per pair of patches, from October 2012 to
August 2013. The sensor cameras could capture both the exclosure and control patchwithin a single photograph. The camera
settings and counting procedure for the number of deer that fed on or trampled the control patches were the same as those
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for the survey of deer using the stream habitat. The cameras were programmed to take one photograph at 1-min intervals
for each sensor stimulus. The number of deer in the control patches was counted based on the photographs, and the number
of deer per patch per month was calculated. In a preliminary investigation, sport fishermen-trampled R. nipponicus var.
submersus patches were occasionally observed in the reach. Therefore, to distinguish between the effects of deer and sport
fishermen, the frequency of trampling on control patches by sport fishermen was also estimated based on the photographs,
and the number of individuals per patch per month was calculated.
To compare the abiotic conditions of the exclosure and control patches during the growing season, canopy openness
as an indicator of light availability, water depth, water temperature, pH, electric conductivity, current velocity, and water
quality were measured at each patch in July 2013. A hemispherical photographic image was taken to measure canopy
openness above each patch. The top element of the lens was positioned 0.5 m above the water surface. The hemispherical
photographs were taken with a digital camera (EOS Kiss X5; Canon, Tokyo, Japan) equipped with a fisheye lens (EX DC
Circular Fisheye HSM; Sigma, Kanagawa, Japan) and analyzed with CanopOn2 (free software developed by A. Takenaka,
available at http://takenaka-akio.cool.ne.jp/etc/canopon2/) based on standard overcast sky conditions. The water depth,
water temperature, electrical conductivity, pH, and current velocity were measured in the field. The electrical conductivity
and pH were measured using a portable electrical conductivity/pH meter (WM-32EP; DKK-TOA, Tokyo, Japan). The current
velocity was measured using an electro-magnetic current meter (AEM1-D; JFE Advantech, Hyogo, Japan). To analyze water
quality, one water sample was taken from each of the patches, and the water samples were brought to the laboratory in
100-mL polyethylene bottles for water quality analysis. The analyzed water quality items were turbidity, NH4–N, NO2–N,
NO3–N, PO4–P, Cl−, SO2−4 , Na+, K+, Mg2+, and Ca2+. The methods of measurement of the water quality items were
according to the Japan Industrial Standard (turbidity: JIS K 0101; other water quality items: JIS K 0102). The turbidity was
analyzed by a spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan). The otherwater quality items, cations and anions,
were analyzed using ion chromatography (cation: PIA-1000, Shimadzu, Kyoto, Japan; anion: IC-20, Dionex Corporation,
Sunnyvale, CA, USA).
2.4. Statistical analysis
The frequencies of deer in the streamhabitat and deer feeding and trampling on R. nipponicus var. submersus patcheswere
analyzed using generalized linear mixed models (GLMM) with seasonality (month) as the explanatory variable; camera
points were added as a random effect variable to avoid pseudo-replication and to include variation owing to camera
placement in the analysis. A likelihood ratio test was performed to compare models with and without seasonal effects.
The R. nipponicus var. submersus stem lengths were analyzed after setting up the exclosures using GLMMwith exclosure
(fenced/unfenced), seasonality (month), and the interaction between the exclosure treatment and seasonality as the
explanatory variables and individual pair patch ID as a random effect. A likelihood ratio test was performed to determine the
significance of the explanatory variables in themodel. To compare the abiotic conditions between the exclosure and control
patches in the growing season, they were tested using ANOVA when the items satisfied the assumptions of normality and
homoscedasticity. If the assumptions were not satisfied, Mann–Whitney U tests were used for comparisons. All statistical
analyses were conducted using R version 3.1.2 (R Development Core Team).
3. Results
3.1. Stream habitat use and feeding and trampling on R. nipponicus var. submersus
The cumulative total number of deer photographed at the stream habitat was 1813 during the study period. In the field
experiment, the cumulative total number of feeding and trampling incidences by deer on the control patches was 310, or
10.2 ± 3.2 (SE) deer/patch/month. Using the sensor camera in movie mode, feeding behavior of deer on R. nipponicus var.
submersus was clearly recorded 10 times (Supplemental file, Movie 1, see Appendix A). Photographs of deer feeding on R.
nipponicus var. submersuswere taken a total of 20 times (October: 6 times; December: 1 time; January: 1 time; February: 2
times; May: 1 time; April: 2 times; June: 7 times) (Fig. 1) during the field experiment. The deer invaded exclosure patches
by ducking under the net eight times. The frequency of stream use by deer and of deer feeding and trampling on control
patches differed between the seasons (Fig. 2, using the stream habitat: χ2 = 943.58, P < 0.001; feeding and trampling on
control patches: χ2 = 334.77, P < 0.001), with an increased frequency in the spring and summer. In addition, photographs
of fishermen trampling on control patches were taken a total of 20 times and 0.7 times/month/patch.
3.2. Difference in R. nipponicus var. submersus stem length between the exclosure and control patches in the field experiment
Before setting up the exclosures, stem length of R. nipponicus var. submersus did not differ between the exclosure and
control patches. However, after setting up the exclosures, the stem lengths in the exclosure patcheswere significantly longer
than those in control patches (χ2 = 30.49, P < 0.001) (Fig. 3). At maximum, the stem lengths in the exclosure patches
were 61% longer than those in the control patches. Moreover, the stem length differed among the seasons (χ2 = 102.09,
P < 0.001) and tended to be shorter in the winter and spring than in other seasons. The interaction between exclosure
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Fig. 1. A representative photograph taken at the moment of deer feeding on R. nipponicus var. submersus. The circle indicates R. nipponicus var. submersus
being eaten by a deer.
Fig. 2. The frequency of stream habitat use and of feeding and trampling on control patches by deer during the field experiment. Points and vertical bars
indicate the mean number and standard error, respectively, of deer observed per month (31 days).
treatment and seasonality in stem length was also significant (χ2 = 43.15, P < 0.001), and the difference in stem length
between the exclosure and control patches tended to be larger in the winter and spring.
None of the abiotic parameters (i.e., canopy openness, water depth, water temperature, electrical conductivity, pH,
current velocity, and water quality) differed significantly between the exclosure and control patches (all P > 0.189,
Appendix Table 1). Moreover, the water quality met the growth condition requirements of R. nipponicus var. submersus
(Zhang et al., 2011) at all patches, andNH4–N andNO2–Nwere not greater than theminimumdetectable quantity (NH4–N <
0.015 mg/L; NO2–N < 0.002 mg/L).
4. Discussion
4.1. Deer impact on R. nipponicus var. submersus
Based on our results, deer repeatedly used the stream habitat and fed on and trampled patches of R. nipponicus var.
submersus. In the field experiment, the R. nipponicus var. submersus stem lengths were significantly longer in the exclosure
patches than in control patches (Fig. 3), despite the lack of differences in abiotic conditions and in initial stem length
between patch types. These results indicated that deer have a negative impact on R. nipponicus var. submersus stem length
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Fig. 3. The stem length of R. nipponicus var. submersus in the exclosure and control patches in the field experiment. Points and vertical bars indicate mean
stem length and standard error, respectively. Pre-exclusion, in August 2012, the stem lengths did not differ (P = 0.853) between the exclosure and control
patches. After setting up the exclosures, the stem lengths differed significantly between the exclosure and control patches (P < 0.001) and amongmonths
(P < 0.001). The interaction between exclosure treatment and month was also significant (P < 0.001).
in control patches. Previous studies that examined the effects of moose feeding on macrophytes by conducting exclosure
experiments have reported that moose exclusion causes an increase in macrophyte biomass (Fraser and Hristienko, 1983;
Qvarnemark and Sheldon, 2004), consistent with our results. Both feeding and trampling by deer have critical, negative
effects on plants (Pellerin et al., 2006). R. nipponicus var. submersus are easily fragmented; therefore, physical disruptions,
such as deer trampling, should result in shorter stems. In fact, we often observed deer footprints in close proximity to R.
nipponicus var. submersus stems that were split into fragments in the control patches.
4.2. Negative impact of deer on R. nipponicus var. submersus as a conservation issue
The water depth in the study reach was approximately 33 cm, which is less than the average hind-foot length of deer
(female: 49.3±1.2 cm;male: 52.9±1.2 cm) (Suzuki et al., 2001). Accordingly, deer are able towalk through the study reach.
R. nipponicus var. submersus generally grows in stream beds in irrigation canals, streams, and spring-fed ponds (Kadono,
1994). These areas often have shallowwater, enabling deer to enter. Therefore, in deer-populated regions, R. nipponicus var.
submersus is likely to suffer from the negative consequences of deer, as indicated by the results of our study. In general,
the conservation of genetic diversity is important for species conservation because genetic diversity is closely related to
the evolutionary capacity to adapt to environmental changes (e.g., shifts in climate and land-use and disease outbreaks)
(Lande and Shannon, 1996). R. nipponicus var. submersus has high genetic diversity among populations and a high degree of
geographical isolation due to their dispersal system, namely, seeds and vegetative fragmentation with unidirectional flow
of water (Koga et al., 2007). Additionally, Koga et al. (2007) reported that the gene flow is limited even within a particular
water system; for instance, genetic differentiation has been observed between upstream and downstream subpopulations.
If a population of R. nipponicus var. submersus in a shallow stream that is easily accessible to deer becomes locally extinct
owing to the deer, the regional genetic diversity is predicted to decrease.
The results showed that deer clearly caused shorter R. nipponicus var. submerses stem lengths,with amaximumdifference
of 61% between the control and exclosure patches. However, the complete disappearance of vegetation owing to deer was
not observed in any patches during the study period, and the stem length in August after the 1-year experiment did not
indicate a great difference between the exclosure and control patches. These results suggest that the observed negative
effect of deer does not immediately (e.g., within 1 year) lead to the extinction of R. nipponicus var. submersus in the study
reach. However, the cumulative deer impact over longer periods alters plant communities, even if the modifications owing
to deer are not detected for several years (Horsley et al., 2003) and this impact might becomemore serious given increasing
deer density. The deer population of western Hokkaido, where the study area was located, has increased in recent years
(Uno and Tamada, 2012), so it is necessary to monitor deer impact and R. nipponicus var. submersus biomass in the region
to conserve the species. It is likely that disturbances by not only deer, but also sport fishermen, influence R. nipponicus var.
submersus biomass; however, the effect of fishermen is probably less than that of deer at present.
4.3. Seasonality in the negative impact of deer on R. nipponicus var. submersus
The frequency of stream usage by deer and of feeding and trampling on R. nipponicus var. submersus patches exhibited
seasonal variation; in particular, deer fed on and trampled on patches more frequently from spring to summer than in
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other seasons. There are two possible explanations for these results related to the nutritional value of aquatic plants and
deer distribution. First, previous studies have shown that cervids feed on submerged aquatic plants more frequently during
the spring and summer, including moose (Fraser et al., 1980, 1982; MacCracken et al., 1993) and red deer (Ceacero et al.,
2014); these observations are consistent with our results. In the above mentioned studies, this seasonal variation in cervid
feeding patterns was suggested to be related to the higher contents of sodium (Fraser et al., 1982), other minerals (Fraser
et al., 1980), and protein (Ceacero et al., 2014) in aquatic plants than in terrestrial plants and higher foraging efficiency
(MacCracken et al., 1993) during these seasons. The studies suggesting that sodium and other minerals are a key factor in
the seasonality of aquatic plant feeding by deer were conducted in inland areas, where a shortage of minerals is likely. Our
study area was located closer to the sea (18 km) and is expected to have sufficient mineral availability; thus, nutritional
factors other than sodium or other minerals may explain our results. Another possible explanation is that the distribution
of deer varies among seasons in the study area owing to seasonal migration. In Hokkaido, deer often migrate seasonally
because suitable habitats are far more limited during the winter than the summer. The limited winter habitats, which have
shallow snow depths and are characterized by coniferous and mixed forests, cause seasonal differences in the distribution
of deer (Sakuragi et al., 2003). The deer population around Lake Shikotsu, which is located relatively close to the study area
(about 16 km), also showed a seasonal concentrating distribution in the south slope during the snowy season, because the
south-facing slope has shallow snow depth (Takafumi and Yoshida, 2014).
Both the severity and timing of feeding determine the effect of large herbivores on plant growth (Hester et al., 2006). In
this study, deer feeding and/or trampling on patches with R. nipponicus var. submersus increased from spring to summer,
indicating that deer have the greatest impact in these seasons. However, the growth rate ofR. nipponicus var. submersus stems
is relatively low from winter to spring, so the ability to tolerate herbivory via plant growth (Rosenthal and Kotanen, 1994)
is low during these seasons. The seasonality of the combined effects of deer and R. nipponicus var. submersus tolerance may
cause seasonality in the difference in stem length between the exclosure and control patches. These results indicate that
the seasonality of both factors should be considered when evaluating the impact of deer on R. nipponicus var. submersus.
Moreover, stem length in the spring is a good indicator to assess the severity of the impact of deer on R. nipponicus var.
submersus in the study area owing to the relatively high deer impact and low tolerance of the species in the season.
5. Conclusion
We have demonstrated in a field experiment that deer have a negative impact on an endangered macrophyte. Generally,
themain factors that influencemacrophyte conservation are related to abiotic conditions, such as the deterioration of water
quality (Akasaka et al., 2010; Akasaka and Takamura, 2011; Alahuhta et al., 2012). In fact, the population of R. nipponicus var.
submersuswas locally extinct in some regions due to the degradation of abiotic conditions (Koga et al., 2006; Nishihiro et al.,
2009). However, our results indicate that it is also important to consider the effects of biological interactions, such as the
cross-ecosystem impact of deer, to conserve macrophytes in shallow streams. The distribution of cervids has expanded in
recent decades, resulting in alterations in the natural vegetation in Europe, NorthAmerica (reviewedbyCôte et al., 2004), and
Japan (reviewed by Takatsuki, 2009). To conserve macrophytes in these regions, additional research is needed to determine
the relative importance of the cross-ecosystem impact of cervids and abiotic factors in macrophyte conservation.
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